mRNA codon, and mRNA exchange on the ribosome were monitored by a fluorescence change of a reporter group at the 3# end of the mRNA. Subunit dissociation was measured by changes in FRET efficiency between dyes attached to the 30S and 50S subunits. Finally, tRNA release was measured by nitrocellulose filtration. Our results show that EF-G does not promote mRNAtRNA-RRF translocation. Furthermore, our results suggest a sequence of recycling events that is inconsistent with the model proposed by Kaji 
Results

EF-G Does Not Promote mRNA-tRNA Translocation on the Ribosome
One key question in ribosome recycling is whether EF-G-promoted mRNA-tRNA translocation constitutes part of the mechanism of posttermination complex disassembly, in particular for the release of deacylated tRNA . In G·GTP, again indicating translocation at the lower rate 70S ribosomes, the donor and the acceptor are close known for Phe-tRNA Phe . In conto each other, and the fluorescence of fluorescein is trast, absolutely no fluorescence change was observed quenched. Upon subunit dissociation, the distance bewith the posttermination complex in the presence of tween fluorophore and quencher is increased, resulting RRF and EF-G, indicating no movement of the mRNA in higher fluorescence intensity (Figure 2A ). The R 0 through the ribosome. Radioactively labeled tRNA revalue for the donor-acceptor couple fluorescein and mained bound to the ribosome, as verified by nitrocel-QSY9, i.e., the distance at which the FRET efficiency lulose filtration (see below, Figure 4) . Thus, EF-G·GTP is 50%, is 64 Å, well within the useful range for the in the presence of RRF does not promote mRNA-tRNA present purpose. translocation nor release of tRNA.
The FRET assay was validated in a subunit association experiment (Figure S1 available in the Supplemental Data with this article online). When 50S(Flu) subunits RRF and EF-G Promote Dissociation of Ribosomes into Subunits were mixed with 30S(QSY) subunits, a fluorescence decrease was observed, whereas no effect was found Another important question in ribosome recycling is whether RRF and EF-G are sufficient for subunit dissowith unlabeled 30S or upon mixing with buffer. Furthermore, no fluorescence change was observed when the ciation or whether IF3 is required as well. So far, subunit dissociation was studied by sucrose-gradient centrifufactors EF-G, RRF, and IF3 were added to 50S ( Figure 2D) . Indeed, at these (lower) factor concentrations, practically no separated and RRF and tRNA release from the ribosome (Hiro-subunits were observed in the presence of RRF and EF-G alone, suggesting that either subunit dissociation was not induced by RRF and EF-G, or dissociation was transient at these experimental conditions and followed by rapid reassociation. To distinguish between the two possibilities, we carried out the experiment in the presence of an excess of unlabeled 30S subunits. If rapid dissociation took place, the unlabeled 30S subunits were expected to compete with 30S(QSY) for binding to the 50S(Flu); in this case, an increase of fluorescence was expected, because reassociation of 50S(Flu) with unlabeled 30S subunits did not quench fluorescence. If, on the other hand, there was no subunit dissociation, the presence of the unlabeled subunits should have no effect on the reaction. As shown in Figure 2D , the addition of unlabeled 30S subunits at low concentrations of RRF and EF-G resulted in an increase of 50S(Flu) fluorescence to the level observed with high factor concentrations. Thus, subunit dissociation is induced also at low concentrations of RRF and EF-G, although under these conditions, the extent of dissociation is small and-in the absence of IF3-reassociation predominates. This masks the transient dissociation of the subunits, unless IF3 keeps the subunits apart, giving rise to the incorrect conclusion that all three factors were necessary for subunit dissociation.
It has been argued that the discrepancies in the factor requirement for subunits dissociation may be attributed to the use of model mRNAs that contained a Shine-Dalgarno (SD) sequence shortly upstream of the termination codon (Hirokawa et al., 2002b). In the poly- 
Specificity of RRF for Ribosome Complexes
In the posttermination complex, which is the natural substrate for RRF and EF-G, deacylated tRNA is bound to the P site, whereas the A site is empty. In order to test whether RRF and EF-G generally act on ribosomes with an empty A site, we examined vacant ribosomes and posttranslocation complexes, i.e. 70S ribosomes with peptidyl-tRNA in the P site and an empty A site, again by using the FRET assay. RRF and EF-G· GTP induced efficient dissociation of vacant ribosomes ( Figure 3) ; IF3 was not required for dissociation but inhibited the reassociation of subunits. In contrast, ribo- Figure 6 ). RRF and EF-G· the presence of RRF, EF-G·GTP, and IF3, subunit disso-GTP bind to the posttermination complex and-after ciation is more than ten times faster than tRNA ejection, GTP hydrolysis-promote the dissociation of the 50S demonstrating that subunit dissociation takes place subunit from the 30S-tRNA-mRNA complex. tRNAbefore tRNA release from the ribosome. mRNA translocation does not take place, and deacyl-IF3 has several functions during translational initiaated tRNA as well as mRNA remain bound to the 30S tion (Gualerzi et al., 2001 ). Binding of IF3 to the 30S subunit in a rather stable fashion. In the second step, subunit may change the orientation of the head relative IF3 stimulates tRNA dissociation from the 30S subunit, to the shoulder of the subunit, thereby affecting the followed by the release of mRNA, which renders the structure of the P site-decoding center, decrease the ribosome free for the next round of translation. affinity of tRNA for the P site, and increase its dissociThese results are in agreement with the models proation rate constant ( . Fluorescein fluorescence was ex-(>95% purity). The protein was concentrated by ultrafiltration using 10 kDa Vivaspin concentrators (Sartorius) and stored in buffer A cited at 470 nm and measured after passing a KV500 cut-off filter (Schott). Experiments were performed in buffer A with 1 mM GTP at containing 50% glycerol.
